Typhoons are an inevitable and frequently occurring natural hazard in Taiwan which cause severe economic damage and loss of life. The common practice for flood-mitigation planning and design uses univariate frequency analysis. However, separate univariate analysis cannot reveal the significant relationship among correlated variables. This study therefore employs copulas to construct the joint distribution of rainfall depth and duration for typhoon data. Using copulas to construct a multivariate distribution means that the effects of marginal variables can be separated from that of dependent variables. We derive the depth-duration-frequency (DDF) formula based on using copulas to represent the joint distribution of rainfall depth and duration.
INTRODUCTION
Typhoons are an inevitable and frequently-occurring natural hazard in Taiwan. Each year, flooding and mudslides induced by high-intensity rainfalls cause disastrous economic damage and loss of lives. The increasing extreme hydrological events due to global climate change have recently received global attention. According to statistics, the average number of typhoons hitting Taiwan per year, as well as the total rainfall during typhoon periods, have increased. For example, the mean number of typhoons over a 25-year period has increased from 4 (1958 -1983) to 6 (1984-2009) Morakot is almost equivalent to the current world record of 2,467 mm, measured at Aurè re of the east coast of used for urban drainage problems. Bernard (1932) established rainfall intensity formulae for long-duration rainfalls. Chow et al. (1988) used probability distribution functions to calculate return periods of storms to build DDF curves. Burlando & Rosso (1996) derived general distribution-free DDF curves based on either scaling or multi-scaling conjectures with log-normal models.
The traditional way to construct IDF or DDF is the graph-type approach. That is, recorded rainfall data for various intensity (or depth), duration and frequency In an effort to model relationships among correlated variables in complex hydrological processes, copulas have increasingly received attention for hydrological studies such as frequency analysis of rainfalls, floods , droughts (Shiau 2006; Shiau et al. 2007; Shiau & Modarres 2009 ) and sea storms (De Michele et al. 2007) . For example, Michele & Salvadori (2003) used a bivariate copula to describe the dependence between rainfall intensity and duration. Kao & Govindaraju (2007) determined the dependence between average rainfall intensity and duration to obtain the probability of surface runoff volumes. 
De

Typhoon data
The typhoon events used in this study were selected from 
METHODOLOGY DDF relationship of typhoon events
In hydrological frequency analysis, the return period of the partial duration series can be defined as the average inter-arrival or inter-hydrological event time (McCuen 2005) . The return period is related to the cumulative probability as
where T is the return period in years; l is the arrival rate of events per year, which is estimated as the ratio of total typhoon events to the total years and is determined by the peak over threshold method (see Figure 3) ; and F(x) is the cumulative distribution function.
The above relation can be extended to include two variables using the conditional distribution. Thus, the relationships among the depth, duration and frequency (in terms of return period) for typhoon events can be represented by the conditional return period, which is given by
where R and D denote rainfall depth and duration, respectively; F RjD (rjd) is the conditional cumulative distri- Combining Equations (2) and (3) Furthermore, the conditional distribution of R given D is calculated as:
where
defined in Equation (2) thus becomes a function of conditional copula, that is
Therefore, T RjD depends only on the univariate distributions of F R (r) and F D (d) and the relationship between R and D, which is described by a copula function.
Goodness-of-fit test
A goodness-of-fit test is required to check how well the distributions fit the data. Yue et al. (1999) and suggest the Gringorten plotting-position formula (Gringorten 1963; Cunnane 1978) to represent the empirical probability, which is
where N is the total number of observations; j is the sorted ranks in ascending order of d j , j ¼ l, … , N; m is the sorted ranks in ascending order of r i , i ¼ 1, … , j; and n ml is the number of occurrences of the combinations of r i and d j .
Akaike's Information Criteria (AIC) (Akaike 1974) , as suggested by Smith (2003) and , are then used to determine whether the observed typhoon 
Univariate distribution of rainfall depth and duration for selected typhoon events
To model the typhoon event probability, the three-parameter gamma distribution (Equation (9)) was used to describe the rainfall depth and the Gumbel distribution (Equation (10) is used here to estimate the copula parameter (Joe 1997) .
IFM is a two-step method to construct multivariate models by estimating parameters of the univariate marginals distributions first and then the parameters of the copula. Table 2 .
Since the p-values range between 0.910 and 0.912, it is concluded that all four copula-based joint distributions considered in this study are suitable to model the correlated rainfall depth and duration of typhoon data. The Plackett copula is selected to illustrate the derivation of DDF because of its lowest AIC values. Figure 5 shows the empirical joint distribution defined by Equation (7) and the fitted Plackett copula of the typhoon data.
Copula-based bivariate distribution
The joint distribution of rainfall depth and duration for typhoon data in terms of the Plackett copula thus becomes 
Return period in terms of copula
The return period for both rainfall depth and duration exceeding certain values can be defined in terms of copulas (Shiau 2003; Salvadori 2004; Salvadori & De Michele 2006) : 
Conditional joint distribution
The conditional copula of the Plackett copula can be found in Joe (1997) . The conditional distribution in terms of the conditional Plackett copula is therefore Table 3 . For example, the rainfall depth of a design storm with a 48 hr duration ranges between 217.1 and 284.0 mm with a probability of 0.9.
Copula-based DDF of typhoon events
The rainfall depth-duration-frequency (DDF) relationship in terms of the Plackett copula is therefore
where F RjD (rjd) is the conditional distribution, defined in Equation (13) for the typhoon data considered in this study.
Depth-duration-frequency curves for return periods of 6 -452.3 284.8 -384.8 301.7 -366.7 319.7 -348.0 72 264.4 -584.7 347.1 -493.9 371.9 -468.0 398.7 -440.6 in Equation (12) for the values of rainfall depth and duration reported in Table 5 and univariate return period defined in Equations (9) and (10) for the values of rainfall depth and duration are also listed in Table 5 . Generally, the univariate return periods and joint return period can be related by :
where T R and T D are the return period for rainfall depth and duration, respectively.
The limitation of the current study is that the maximum one-hour rainfall depth is not considered in the bivariate frequency model, which is important on spillway design and flood peak attenuation in reservoir operation. Extension of the current model to include total rainfall depth, maximum one-hour rainfall depth and rainfall duration requires trivariate copulas to construct the rainfall peak-depthduration-frequency (PDDF) relationships. Another topic for future studies is to incorporate the hyetograph (rainfall pattern) in the DDF analysis.
CONCLUSIONS
Rainfall depth-duration-frequency curves were constructed 
